ixed phase shift circuit (approximately 10) was then inserted in series, and the bridge circuit was rebalanced by resetting the phase standard via the keyboard. The differences in phase angle settings were recorded, and the deviations from the mean difference are plotted in Fig. 3 , for three frequencies. Because of the greater sensitivity of this method, less scattering of results was observed at 73 and 585 Hz. At 4.69 kHz, all but two points fall into a band of + 0.0050. Repeat tests indicated that the experimental error was not larger than 0.001°. ACKNOWLEDGMENT [6] The use of a toroidal cross capacitor for the absolute measurement of loss angle had its origin in the discovery that thin uniform dielectric films on the electrode surfaces of certain types of cross capacitors result in loss angle contributions which are negligibly small. This initial work on dielectric film losses in cross capacitors was described in an earlier paper [1] .
The present paper summarizes the earlier work and goes on to consider additional sources of loss angle. Emphasis is on the evaluation of uncertainties associated with the assignment of a value of loss angle to the toroidal cross capacitor and subsequently to the other reference standards. two glass balls and one glass spacer. The assembly is suspended from the top plate by three straps and enclosed by a vacuum housing.
The arrangement contains three important capacitances:
CTB, CO 
It is assumed in (2) that uniform films are present on all active electrode surfaces. Although this is the most probable condition, i.e., all electrodes were made from the same material, and all active electrode surfaces were finished and cleaned in the same manner, it is not a necessary condition. If the value obtained for TI -6s is small, as was the case in the present work, a substantial allowance can be made for possible nonuniform films with only a small increase in overall uncertainty, i.e., a substantial increase in the uncertainty of the coefficient in (2) will result in only a small increase in overall uncertainty.
III. BRIDGE MEASUREMENTS
The measurement system described goes beyond the absolute measurement of loss angle in that it includes the transfer of the unit of loss angle from the 0.5-pF cross capacitor to the bank of 10-pF fused-silica dielectric capacitors that maintain the NBS unit of capacitance [2] . Some of the fused-silica capacitors have shown good loss angle stability with respect to each other. Absolute measurements in the future will provide a measure of possible instability resulting from a common drift rate.
Transfer of the unit of loss angle from the 0.5-pF cross capacitor to one of the 10-pF fused silica capacitors CF is accomplished by means of a transformer ratio-arm bridge [3] , [4] having a nominal voltage ratio of 10:1. The bridge is [5] , the effects ofmatched cables and stars can be eliminated by a proper extrapolation of loads to zero, i.e., the application of loading corrections to the bridge reading results in a reading which is the same as would have been obtained if, on the line side, the voltage ratio at the coaxial stars had been equal to the open circuit voltage ratio of the bridge transformer and, on the detector side, a null had been present at each of the coaxial stars. Note that the elimination of cable effects also eliminates the problem of failure-to-add for admittances in parallel, such as in the previously described 10:1 bridge measurement involving two 0.5-pF capacitors in parallel. The reader is referred to the earlier paper [5] for details of the extrapolation technique involving matched cables and stars.
In addition to the bridge measurements described, two other types of bridge measurement were made. 1) The 10:1 voltage ratio of the bridge transformer was measured using a modified version [5] of the permutation method [6] ; 2) the voltage dependencies of OF and 0TI were measured using previously established standards of voltage dependence [7] .
A correction of -1 nrad was required for OF which was originally measured at 20 V but is normally used at 200 V.
IV. UNCERTAINTIES Table I summarizes the systematic uncertainties associated with the measurement of OF* Items 1, 2, and 3 relate to the bridge measurements described in the last section. Items 4, 5, and 6 list systematic uncertainties in the evaluation of loss angle contributions to Os.
Each of the six electrodes shown in Fig. 1 is connected to external coaxial connectors by two leads. With the exception of the capacitance distributed along the leads, the resulting twelve-port system provides the means for externally measuring all capacitances and lead resistances needed to calculate appropriate corrections. The overall correction for the effects of lead resistances was -0.073 ,urad with the negative sign resulting from the dominant effect of common lead resistances to ground in small valued cross capacitors. The corresponding uncertainty, item 4 of Table I , is due mainly to distributed capacitance along the leads.
Microphonic coupling, item 5 of Table I , is a source of error which is believed to have gone unrecognized until now. Microphonic coupling can be described as follows. When a voltage is applied to a three-terminal capacitor, the resulting force of attraction between line and ground electrodes varies at twice the fundamental frequency. If a dc voltage is also present between line and ground electrodes, a second force of attraction which varies at the fundamental frequency will be present. The second force causes mechanical vibrations at the fundamental frequency which, via the grounded housing, result in a time-varying capacitance between detector and ground electrodes. If a dc voltage is present between detector and ground electrodes, a detector current of fundamental frequency will result.
The two dc voltages required for the above are, unfortunately, already present in many precision instruments. Any high-quality insulator which can hold electrical charge can produce an effective dc voltage between electrodes, e.g., microphonic coupling errors on the order of 0.1 prad were observed in the toroidal cross capacitor prior to the removal of much of the PTFE. It should be noted that microphonic coupling is a parasitic admittance which was observed to exhibit both linearity and reciprocity.
The detector current resulting from the use of a piezoelectric transducer to vibrate the capacitor system was found to provide a measure of the capability of various parts of the system to produce microphonic coupling. Measurements of this type were made before and after removing or modifying the insulation in various parts of the system. The relationship between these results and the corresponding changes in loss angle, combined with the results of a frequency scan, provided the basis for estimating the systematic uncertainty due to microphonic coupling.
The uncertainty in item 6 of Table I results mainly from the problem of whether or not all dust has been removed from the electrode surfaces. More specifically, the assignment of a relatively large uncertainty represents an alternative to the difficult task of assuring that all dust has been removed.
By considering the value of 6 TI -6S in (2) to be entirely due to dust, an appropriate allowance can be made by increasing the uncertainty assigned to the coefficient in (2) . A second area of agreement between the two measurements was in the characterization of dielectric surface losses for stainless steel electrodes. With respect to the loss angle contributions from thin dielectric films, it can be shown [1] that C T! is equivalent to a parallel plate capacitor with 3-mm electrode separation. The initial value of 6 TI was 0.02 urad with an uncertainty of 0.015 prad. The final value of TI, obtained after an elaborate cleaning process designed especially to remove dust, was 0.005 jrad with comparable uncertainty. It should be noted that, from (1), the corresponding value of 6s is less than 0.1 nrad.
